Two DNA sequences that appear to be homologous to large-subunit mitochondrial ribosomal RNA genes have been identified in the stone crabs Menippe mercenaria and M. adina. Amplification from whole genomic DNA by polymerase chain reaction (PCR) with oligonucleotide primers based on conserved portions of large-subunit mitochondrial rRNA genes consistently amplified two products of similar length (565 and 567 bp). These products differed at 3% of their nucleotide bases, and could be distinguished by a Hind111 site. Only one of these sequences (designated the A sequence) was detected by PCR in purified mitochondrial DNA. The other (designated the B sequence) hybridized to total genomic DNA at a level consistent with a nuclear genome location. It is unlikely that the type B product would have been recognized as a nuclear copy by examination of its sequence alone. This is the first report of a mitochondrial gene sequence translocated into the nuclear genome of a crustacean.
Introduction
Animal mitochondrial genomes have been regarded as effectively haploid because they are generally free of gene duplications and sequence variants within an individual. However exceptions to both of these generalizations have been recognized following the isolation of multiple forms of a mitochondrial sequence from single individuals.
Duplicated mitochondrial genes have been found both within the mitochondrial genome (Moritz and Brown 1986, 1987; Heinonen, Schnare, and Gray 1990) and as sequences that have been translocated into the nuclear genome (van den Boogaart, Samallo, and Agsteribbe 1982; Farrelly and Butow 1983; Jacobs et al. 1983; Wright and Cummings 1983; Grohmann, Brennicke, and Schuster 1992; Smith, Kelley, and Patton 1992) . Multiple forms of the mitochondrial genome within an individual (heteroplasmy) have been documented in insects, lizards, mice, cattle, seals, frogs, fish, and mussels (Solignac et al. 1984; Bentzen, Leggett, and Brown 1988; see references in Clark 1988; Boyce, Zwick, and Aquadro 1989; Hoeh, Blakley, and Brown 1991; Hoelzel, Hancock, and Dover 1993) .
Duplications of mitochondrial genes are of significance in at least two respects. First, they provide an opportunity to study the evolution of a particular sequence under different conditions.
For example, one copy may be constrained to perform its original function, while another copy is not. Thus translocations of mitochondrial genes into the nuclear genome can reveal the effects of genomic location on sequence evolution. However, these duplications are also significant because they have the potential to confound systematic and population genetic studies. In studies that utilize mitochondrial DNA (mtDNA) sequence variants as genetic markers, it is generally assumed that sequences compared between individuals or taxa are orthologous and are components of haploid, nonrecombining maternally transmitted genomes (Avise et al. 1987) . With the now widespread use of the polymerase chain reaction (PCR) to amplify mitochondrial sequences from total genomic DNA, sequences that have been translocated to the nuclear genome may be mistaken for those expected from mitochondria unless they are clearly pseudogenes. For example, Quinn and White (1987) identified a translocated mitochondrial DNA sequence from inconsistencies in the Southern hybridization patterns of DNA isolated from different tissues. The source of the tissue determined which of the two sequences was obtained. The mitochondrial form was predominant in DNA from liver tissue, while a duplicated nuclear form was predominant in DNA from blood. Smith, Kelley, and Patton (1992) realized that a cytochrome b sequence was probably not of mitochondrial origin when sequence analysis revealed three stop codons that would prevent the translation of a functional protein product. Further work with purified mtDNA yielded a second, functional sequence. In each of these cases, the misidentification of the duplicated and translocated nuclear sequence was discovered because it happened to produce a striking anomaly. This suggests that there may be other, more subtle, cases in which similar occurrences have gone unnoticed. Here we report the occurrence of two mitochondrial largesubunit ribosomal DNA (LSrDNA) sequences in the stone crabs Menippe adina and M. mercenaria and provide evidence that only one sequence is located within the mitochondrial genome. We also examine the pattern of nucleotide substitutions in these sequences, and consider whether the putative nuclear copy would have been recognized as such by its sequence characteristics alone.
Materials and Methods

Specimens Examined
Stone crabs (genus Menippe) were collected in wire crab pots by local fishermen or by Dr. D. Felder from three locales. Menippe adina was collected from upper Terrebonne Bay near Cocoderie, La. Menippe mercenaria was collected from Rookery Bay, north of Marco Island near Naples, Fl. The third locality, Saint Simon Sound near Brunswick, Ga., is within the broader range of A4. mercenaria, but may represent a hybrid zone beDownloaded from https://academic.oup.com/mbe/article-abstract/14/2/156/1083933 by guest on 24 April 2019 tween M. adina and M. mercenaria (Bert 1986; Bert and Harrison 1988) . Species determinations were based on locality as previously determined by Williams and Felder (1986) . Crabs were transported to our laboratory alive in buckets of aerated seawater.
Sample Preparation
Within 24 hours of arrival, male crabs were placed on ice until cessation of movement and then dissected. Total genomic DNA (including nuclear and mitochondrial DNA) was isolated from testes by the procedure described by Neigel et al. (1991) . Purified mitochondrial DNA (mtDNA) was isolated from individuals collected in Terrebonne Bay and Calcasieu Lake, Cameron Parish by the method of Thorpe, McGregor, and Cumming (1993) . Briefly, mitochondria were pelleted by centrifugation, resuspended, and centrifuged through a 1.5 M/1.0 M sucrose step gradient. The mitochondria were then collected from the gradient interface, washed, and lysed with SDS and Proteinase K. The lysate was phenol/chloroform extracted, and DNA was precipitated by the addition of ethanol. Mitochondrial DNA was further purified by agarose gel electrophoresis.
Distinct bands with mobilities corresponding to 15-kb supercoiled DNA molecules were excised from 0.7% agarose gels stained with 500 ng per ml ethidium bromide. DNA was recovered from gel slices with Prep-A-Gene (Biorad) as per the manufacturer's specifications.
Mitochondrial Genome Size
The size of the mitochondrial genome was determined by restriction endonuclease digestion and agarose gel electrophoresis.
Purified mitochondrial DNA was digested with Hind111 and Ava I as per supplier's instructions. The digested DNA was end-labeled with [a-32P]dCTP and electrophoresed on 0.6% agarose gels. Fragment sizes were estimated by the method of Schaffer and Sederoff (1981) . The total size of the mitochondrial genome was calculated by summing the individual fragment sizes.
Primer Design and Synthesis
Oligonucleotide primers for both PCR and DNA sequencing were synthesized on a Milligen/Biosearch Cyclone Plus DNA synthesizer. The sequences of the amplification primers matched a region known to be highly conserved within the 3' portion of the mitochondrial large-subunit ribosomal RNA (LSrRNA) gene and have been designated 16sar-L and 16sbr-H (Palumbi et al. 1991) . Ml 3 forward and reverse primers were used for initial sequencing of cloned PCR amplification products. For more sequence information, two additional primers that match Menippe LSrRNA sequences were designed with the NAR program (Rychlik and Rhoads 1989) . We have designated these: 16sar-M (ATAA-GACCCTATAAAGC) and 16sbr-I (CCGCCCCA-GCAAAATAAA).
Amplification
and Cloning of PCR Products PCR amplifications were performed using one cycle of 95°C for 5 min, followed by 35 cycles, each of 94°C for 1 min; 53°C for 1.5 min; ramp for 2 min to 72°C and hold for 2.5 min, followed by one cycle of 72°C for 5 min. Each reaction mixture included 20 ng of template DNA; 0.4 PM of each primer; 0.2 mM of each dNTP; 10 mM Tris, pH 8.3; 50 mM KCl; 4.5 mM MgCl,; 0.01% gelatin; and 0.6 U Taq DNA polymerase (Boehringer Mannheim). Amplification products were electrophoresed along with size standards on 1.5% agarose gels in 1 X TBE stained with ethidium bromide. Products of amplification reactions that produced a single strongly staining band of the expected size were directly cloned into the pCRI1 vector (Invitrogen Corporation) and transformed into One-Shot competent cells using the TA cloning system according to the supplier's specifications.
Clones were screened and characterized by restriction profiles for AZu I and Hind111 (New England Biolabs).
Sequence Determination and Analysis
For sequencing, plasmid DNA was prepared on a large scale for selected clones (Birnboim and Doly, 1979; Maniatis, Fritsch, and Sambrook 1982) . Sequences were determined using dideoxy termination (Sanger, Nicklen, and Coulson 1977; Chen and Seeburg 1985) . Sequence alignments were performed manually and with CLUSTAL (Higgins and Sharp 1988, 1989) . A maximum-parsimony cladogram was generated by MEGA (Kumar, Tamura, and Nei 1993) using the Branch-andBound Search option to examine the relationships of these sequences to homologous sequences from other animal taxa. Sequences from the liver fluke, Fasciola hepatica (GenBank accession X07364), and the purple sea urchin, Strongylocentrotus purpuratus (Xl263 l), were used as outgroups. The remaining sequences were from arthropods. The marsh crab Sesarma reticulaturn (unpublished data) is classified in the same section (Brachyrhyncha) as Menippe. The hermit crabs Clibanarius vittatus and Coenobita sp. (Cunningham, Blackstone, and Buss 1992) are in the same order (Decapoda). The brine shrimp, Artemia sp. (M21833) is in the same subphylum (Crustacea), and the mosquito Aedes albopictus (X01078) is in the same phylum (Arthropoda).
A hypothetical secondary structure for the Menippe mitochondrial large-subunit ribosomal RNA sequence was developed by comparison of an M. adina type A sequence with sequences for which secondary structures have been determined: from a mosquito, Aedes (HsuChen, Kotin, and Dubin 1984), and from a branchiopod crustacean, Artemia (Palmero, Renart, and Sastre 1988) . A diagram of this structure was generated using the CARD program (Winnepenninckx et al. 1995 ).
Southern Blot Analyses
Southern hybridization (Southern, 1975) was used to map restriction sites within and adjacent to the amplified portion of the LSrRNA sequence in mtDNA. Single and double digests of lo-pg purified mtDNA samples using Alu I, Hue III, Hi&I, HindIII, and Rsa I (New England Biolabs) were electrophoresed through a 1.5% agarose gel. The gel was blotted onto a MagnaGraph nylon membrane (Micron Separations Inc.) and hybridized at 67°C overnight in 5 X SSC with a hybridization Genomic copy numbers were estimated by Southern hybridization of a 32P-labeled cloned type B probe to genomic DNA digested with HindIII. Digests were electrophoresed through a 0.6% agarose gel, which was blotted and hybridized as described above. Serially diluted samples of a cloned type B sequence corresponding to molar equivalents of from 1 to 2,000 copies per genome were probed on the same blot as internal standards. Autoradiographs were exposed for up to 2 weeks, after which hybridization was quantified by scanning the autoradiographs with a Zeineh SLR Scanning Laser Densitometer.
Results
PCR Products
Electrophoresis of PCR amplification products from Menippe genomic DNA with primers lGsa.r-L and 16sbr-H revealed a single intensely staining band. The mobility of this band corresponded to a molecule with the expected length of approximately 580 bp. However, restriction endonuclease digestion of the PCR product with either Hind111 or Ah I produced fragments with estimated sizes that summed to over 580 bp ( fig. 1 ). Repeated amplifications from genomic DNA samples isolated from nine different individuals, followed by restriction endonuclease digestions under different conditions, failed to eliminate any of the fragments. Because every Hind111 site contains an Ah I site, these results could be explained by amplification of two products of equal length that differed in the presence of one HindIII/ Ah I site. The product with two Hind111 sites (three Ah I sites) was designated type A, the other, with a single Hind111 site (two Ah I sites) was designated type B. In general, the quantity of the type B product that was amplified was less than that of the type A product (on both a molar and mass basis), as judged by ethidium staining intensity.
PCR products from one individual from each locale (M. adina from Louisiana, M. mercenuriu from Florida and Georgia) were cloned, and analyzed by restriction digests with Hind111 and AZu I. For the PCR products from the M. udinu individual and the M. mercenuriu from Georgia, eight of the nine clones produced the fragments predicted for the type A sequence; the remaining clone produced the fragments predicted for the type B sequence. For the PCR product from the M. mercenuriu individual from Florida, 19 of the 20 clones produced the fragments predicted for the type A sequence; the remaining clone produced the fragments predicted for the type B sequence. This procedure was repeated for genomic DNA samples from a total of nine individuals, with three individuals sampled from each collection locale. Clones from all except two of these individuals included both type A and type B sequences as assessed by AZu I digestion profiles. Although restriction analysis indicated that both sequences were present in the PCR products of the other two individuals, only the more abundant type A sequence was found among the clones that were examined.
Sequence Analysis
Nucleotide sequences were determined for both strands of the nine type A and seven type B PCR products that were amplified and cloned as described above. These sequences have been deposited in GenBank; accession numbers are given in table 1. Restriction maps based on these sequences ( fig. 2 ) verified our interpretation of the alternate restriction fragment profiles. All of the sequences appeared to be homologous to the 3' portion of known crustacean mitochondrial LSrRNA genes.
The cladogram ( fig. 3 ) illustrates the relationships of the M. udinu and il4. mercenuriu type A and B sequences to each other and to other invertebrate LSrDNA sequences. It appears that both sequences are of crustacean origin and are more similar to each other than to other crustacean sequences. Furthermore, although both type A and type B sequences varied among individuals, they are clearly resolved as distinct clusters. The marsh crab, Sesurmu reticulaturn, is also under investigation in our laboratory, and so was considered a possible source of contamination.
However, the sequence obtained by PCR amplification from this species is clearly different from any sequence that we have obtained from Menippe.
The type A and B sequences differed by at least 18 base substitutions, with transitions outnumbering transversions.
The most common type A sequence (sequence 1) was compared with the most common type B sequence (sequence 7). These two sequences were also the most similar among comparisons of type A with type B sequences. The location of each substitution was examined with respect to the hypothetical RNA secondary structure shown in figure 4. In addition to the designated stem and loop regions, there were several regions of undetermined structure that would be expected to basepair with nucleotides outside the known sequence. Substitutions were classified as transitions or transversions, and by their locations within the hypothetical RNA secondary structure. The lowest proportion of base substitutions occurred within the stem regions (table 2) . Alignment of type A and B sequences also indicated a two-base deletion in the type A sequence (after position 253) in a presumed loop region. All of the substitutions between these sequences that were in presumed stem regions preserved base-pairing, with uracil pairing with either adenine or guanine.
Polymorphisms were also found among sequences of the same type from different individuals (table 3) . Both in terms of number of polymorphic sites and numbers of base substitutions in pairwise comparisons, type A sequences were more variable than type B sequences. However, the number of sequences examined is not suf- from total genomic DNA, a mixture of organellar and nuclear DNA (figs. 1 and 5A). This comparison was repeated for three other mtDNA isolations from different individuals, with similar results. The HindIII-digested PCR products from an additional individual were probed on a Southern blot with a cloned type B sequence. Southern hybridization can detect quantities of DNA below 100 pg, while ethidium staining can detect quantities of DNA only as low as about 25 ng. Again, the 321-bp Hind111 fragment expected from a type A sequence was detected in the products amplified from purified mtDNA, but the 434-bp fragment expected from the type B sequence was not detected. Fragments expected for both sequence types were detected in the product amplified from total genomic DNA (data not shown).
The actual sizes of the putative nuclear sequence restriction fragments could not be predicted, because each of the fragments would extend to restriction sites outside of the region that we have characterized.
However, a Southern blot of total genomic (mitochondrial and nuclear) DNA, digested with Hind111 and probed with a 32P-labeled cloned type B mitochondrial LSrDNA produced two strongly hybridizing bands with mobilities corresponding to fragments expected from the type A sequence (8.2 and 3.7 kb, see below), and two weakly hybridizing bands (1.8 and 1.4 kb) that were above the minimum sizes predicted for the type B sequence ( fig.  5B ). These results can be most simply explained if the weakly hybridizing bands correspond to the type B sequence located within the nuclear genome. Because there are generally more copies of the mitochondrial genome per cell than copies of the nuclear genome, differences in hybridization intensity are expected. Estimates of copy number from laser densitometer scans of Southern blot autoradiographs compared with internal standards indicated that about one copy of the type B sequence is present per haploid nuclear genome, while there are about 600 copies of the type A sequence (data not shown).
We used restriction mapping to address the possibility of a duplication of the LSrDNA sequence within the mitochondrial genome. We estimated the size of the Menippe mitochondrial genome from restriction fragment analysis of DNA that was extracted from mitochondria isolated on sucrose gradients. The estimated size, 16.5 kb, is typical for metazoa, and not indicative of a large duplication within the genome. Southern hybridization analysis was used to develop a restriction site map for the region of the mitochondrial genome that hybridized to the amplified portion of the LSrDNA sequence. Only one of the two sequences will fit within this region, and the locations of the Ah I sites are diagnostic for the type A sequence ( fig. 6 ).
Discussion
Animal mitochondrial genomes are generally haploid (Brown 1985) , and analysis of mitochondrial nucleotide sequence data usually assumes this condition. However, multiple sequences of mitochondrial DNA have been isolated from single individuals.
These exceptions were due to either heteroplasmy or duplication of a mitochondrial sequence, the latter either within the mitochondrial genome or at a nuclear location. A third possible explanation for the detection of multiple sequences is contamination, either by other organisms (e.g., parasites) or by exogenous DNA in the laboratory.
It is unlikely that the presence of two sequences in the PCR product can be explained by contamination. Cladistic analysis of the two LSrDNA sequences indicates that they are both of crustacean origin, and closely related ( fig. 3) . No parasites were observed in the tissues used as sources of DNA, and undetected parasites would be not be expected to carry Menippe-like sequences. Our results can be explained by a nuclear genome location for the type B Menippe LSrDNA sequence. Only the type A sequence was detected in LSrDNA PCR products amplified from purified mtDNA, while both type A and type B sequences could be detected in products amplified from total (nuclear plus mitochondrial) DNA. On Southern blots of genomic DNA from both Menippe adina and A4. mercenaria that were probed with type B LSrDNA, faintly hybridizing bands were observed that were of sufficient length to include the PCR amplified portion of the type B sequence. The intensity of hybridization to these fragments was at a level and found no sequence variation within individuals (data not shown). In the case of a duplication within the mitochondrial genome, the duplicated region should be detectable by restriction mapping. Our analysis of the restriction sites in the region of the mitochondrial genome that hybridizes to an LSrDNA probe excludes the presence of either a tandem or inverted duplication ( fig. 6 ). The absence of the type B sequence from at least the majority of isolated mtDNA molecules is demonstrated by the absence of the characteristic 375bp Ah I fragment on Southern blots of mitochondrial DNA probed with a homologous sequence.
Other examples of sequences translocated from the mitochondrion to the nucleus have been reported, although this is the first case within the Crustacea, and of a translocation shared by two species within same genus. Aside from the gene translocations that are believed to have occurred shortly after the original endosymbiotic events that gave rise to mitochondria, more recent translocations of mtDNA sequences to the nuclear genome have been reported for fungi (van den Boogaart, Samallo, and Agsteribbe 1982; Farrelly and Butow 1983; Wright and Cummings 1983) , and plants (Kemble et al. 1983; Grohmann, Brennicke, and Schuster 1992) , and for ribosomal RNA sequences in other metazoa (Gellison et al. 1983; Jacobs et al. 1983; Lopez et al. 1994 ).
The amounts of type A and type B products amplified from total genomic DNA appeared more similar than the 600: 1 ratio estimated for their relative abundances in total genomic DNA. Based on relative intensity of PCR products on ethidium-stained gels, and on the proportions of the sequences in clones generated from PCR products, it appears that the type A sequence is about 10 times more abundant as a PCR product than the type B sequence. It is possible that the 60-fold difference in these ratios is the result of differential amplification of the two products. Differential PCR amplification of sequences can occur when primers mismatch with the template DNA (Mullis and Faloona 1987) . Under moderately stringent annealing conditions, a low percentage of primers may bind with partially mismatched template sequences, so that these sequences are amplified along with more precisely matched template sequences. Thus, while there may be a 6OO:l excess ol type A sequences in total genomic DNA, this may bc partially offset by preferential amplification of the typf B sequence.
The consistent amplification of two distinct se. quences homologous to mitochondrial LSrDNA fron Menippe suggests that caution should be used in inter. preting PCR products as mitochondrial sequences sim. ply because they appear homologous to other mitochon drial sequences. We can use our results to evaluate some presumed safeguards against confusing a translocatec nuclear duplication with a mitochondrial sequence. First it might be assumed that by using partially purified mi tochondrial DNA for PCR, only mitochondrial sequent es will be represented in significant amounts as prod. ucts. However, we found that although the type B se. quence was present as only a minor contaminant in OUI total DNA isolations (<0.2%), it was preferentially am. plified to the extent that it represented a significant frac tion of the final PCR product. Second, it is often ex. petted that pseudogene sequences should exhibit an un usually high degree of polymorphism, which would bc likely to include base substitutions that obviously dis rupt function. These "telltales" did not appear in OUI sample of seven type B LSrDNA sequences. They were actually less polymorphic than the mitochondrial type A sequences, the proportion of substitutions in stems wa! no higher, and neither the single indel nor any of the base substitutions between type A and B sequences dis rupted the presumed t-RNA secondary structure. Thus while PCR provides many advantages over other meth. ods of mtDNA sequence isolation, it may be prudent tc verify at least a subset of results obtained with PCR using mtDNA isolated by other methods.
